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Abstract
Please provide an abstract of 150 to 250 words. The abstract should not contain any undefined abbreviations or unspecified
references. The Project Honeybee Observational Clinical Trials were 12-month studies designed to validate the use of commer-
cially available ambulatory medical devices costing $50–$300 for clinical applications. Each trial had a patient population of
about 15–30 subjects with a broad range of disease types including heart failure, diabetes, sepsis, and Parkinson’s disease. Over
30 supported proposals were funded in the 4-year period, as well as the creation of a database of all commercially available
devices. Each year a call for proposals was published within ASU andMayo Clinic Arizona. Proposals were selected for funding
by a committee of ASU faculty from engineering, nursing, and exercise physiology departments. The progress of each research
trial was monitored through monthly colloquia with the nursing, biomedical engineering, computer science, and nutrition
graduate research assistants, to discuss the challenges and opportunities arising with each research trial. PIs were required to
report on study progress 6 months into the trial period and 3 months following the conclusion of the 12-month project. The
project was very successful in meeting our goals of testing consumer wearable devices on patients for a variety of conditions
across a variety of clinical settings in the greater Phoenix community. The following clinical sites participated in one or more of
these clinical trials: Adelante Healthcare, Arizona Arrhythmia Consultants, Arizona Cardiology Group, Banner University
Medical Center, Barrow Neurological Institute, Honor Health, Mayo Clinic, and St Joseph’s Hospital. A total of 12 ASU faculty
and 39 clinicians participated.
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1 Introduction

Modern airline travel is widely recognized as one of the safest
modes of transportation worldwide. This is due, in part, to the
advent of continuous sensory monitoring (i.e. sound, vibra-
tion, temperature, and pressure) of mechanical aircraft com-
ponents (Reliability Centered Maintenance) in order to detect

parts needing replacement prior to mechanical failure.
Similarly, improving health outcomes while reducing
healthcare system costs will require increasing emphasis on
prevention, personalized medicine and prediction. Drawing
on the airline experience, the recent proliferation of wearable
devices to continuously monitor physiological parameters of-
fers promise of a technological solution to improve health
outcomes and the healthcare system.

In 2013, ASU’s Center for Sustainable Health (now the
Biodesign Pathfinder Center) launched a research initiative,
Project Honeybee, to test the utility of wearable physiological
sensors (devices) in the clinical management of patients
through a series of small observational clinical trials (OCT).
Each Honeybee OCT began with a clinical question and em-
bedded a highly experienced doctoral level Graduate Research
Assistant in order to facilitate workflow as well as train the
health workforce of the future. We named the effort after the
honeybee, which is thought to be nature’s best collector of
information. Just as honeybees gather data from nature and
return collected knowledge to the hive, we sought to investi-
gate the potential of wearable devices to gather information

* Jeffrey T. La Belle
JEFFREY.LABELLE@asu.edu

1 Biodesign Pathfinder Center, Biodesign Institute at Arizona State
University, Tempe, AZ 85281, USA

2 School for the Future of Innovation in Society, Tempe, AZ 85287,
USA

3 College of Nursing and Health Innovation, Tempe, AZ 85004, USA
4 School of Biological and Health Systems Engineering, Arizona State

University, Tempe, AZ 85287, USA
5 School of Medicine, Mayo Clinic Arizona, Scottsdale, AZ 85259,

USA

Biomedical Microdevices (2019) 21: 37
https://doi.org/10.1007/s10544-019-0392-y

http://crossmark.crossref.org/dialog/?doi=10.1007/s10544-019-0392-y&domain=pdf
http://orcid.org/0000-0003-4691-2702
mailto:JEFFREY.LABELLE@asu.edu


from a patient’s daily living and return it to the clinical Bhive^
to better inform the healthcare experience.

Funded by ASU for a series of four years, Project
Honeybee OCTs incorporated ACO quality measures and per-
formance standards in each of our yearly trials as a value-
added metric and service. A key feature of our effort has been
the interdisciplinary support from ASU’s innovative nursing,
engineering, business, and design leaders engaging in
research.

We had several goals for these trials, including expanding
ASU engagement with clinicians in the greater Phoenix area,
initiating collaborations between ASU faculty and area clini-
cal institutions, and testing the challenges that implementing
sensors in clinical medicine would face. We hoped to gain
insights into the functioning of commercial devices, the needs
of clinical teams implementing devices, patient compliance
with device monitoring, physician engagement, the value of
data obtained from wearable devices, and the range of appli-
cations devices could be utilized to monitor.

2 Methods

2.1 Clinical trials

Each Spring we issued a Call for Proposals (CFP) to ASU
investigators and area clinicians. Our CFP specified that we
supported observational clinical trials of wearable devices
available at a cost of 50–300 USD with anticipated study
enrollment of 20–50 participants during the 1-year funded
period of each study. The CFP clarified that we would not
support interventional trials for devices that did not have
FDA clearance. The CFP further specified the requirement
for qualified clinician leadership by a healthcare provider in
Maricopa county. The expected outcome for each study was
pilot data suitable for publication and/or further external
funding applications.

We sought to maximize experiences while minimizing
costs. Each trial was allotted 27,000USD to support a doctoral
nursing student half-time for one year to manage patient en-
rollment and data collection, and 3000 USD for procuring
devices. We did not support Principal Investigator (PI) sala-
ries, clinical time, or patient incentives. Consequently, each
trial was limited both in the number of patients and the dura-
tion of the trial. However, the many short trials approach pro-
vided very diverse experiences across the range of clinical
conditions monitored.

In spite of the limited support, our call for proposals was
nearly fully subscribed each year. The range of devices ad
study approaches was broad. In addition to observational clin-
ical trials, the advisory committee elected to fund some studies
each year that did not precisely conform to the CFP require-
ments for a clinical observational trial including some pre-

clinical validation studies, algorithm development studies,
and novel device development. Tables 1, 2, 3, and 4 below
provide an overview of the funded projects for the four years
of Project Honeybee.

2.2 Database

In addition to the clinical studies, Project Honeybee also funded
the development of a database of commercially available de-
vices. The database was constructed by conducting regular
searches of consumer and trade publications, as well as weekly
Google searches to identify consumerwearables in development
and/or available for purchase. The database captured device
name, manufacturer information, cost, published technical spec-
ifications, and target biosignals. The intention was for the data-
base to be a searchable resource for clinicians to identify options
for wearable monitors to recommend to patients.

We employed one graduate engineering student for 20 h
per week for database construction and maintenance. Over the
period of two years, we found that rapid changes in the field of
commercial wearables exceeded the work capacity of a single
0.5 fulltime equivalent (FTE) worker and would require at
least 1 fulltime staff to manage the constant changes. We ex-
plored the possibility of commoditizing the database to sup-
port the resources necessary to fund the development and
ongoing maintenance of a sophisticated and clinically-
relevant searchable platform. After several months of early
business model development, we determined that the ongoing
database project did not fit with the long-term goals of Project
Honeybee at this time, and we discontinued the database
project.

3 Results

As Project HoneyBee consisted of 32 unique studies, for the
sake of brevity we will highlight two very different ones. An
early study on the evaluation of the wearables to support the
device database to aid the other studies will be highlighted as
well as one of the clinical evaluations of placing devices on
patients.

3.1 Project honeybee preclinical trial

3.1.1 Goals

We sought to evaluate the performance of commercially avail-
able wearable devices against a gold standard in a laboratory-
based rest and exercise protocol. In addition, we evaluated
each device with innovation, quality, cost, and comfort scores
derived by our research team.
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3.1.2 Methods

We recruited participants from the ASU student community to
perform multiple Btypical use^ protocols with 22 different
devices across 7 categories (Table 5) with 15 unique sensor
types (Table 6). Table 5 illustrates the total data collection that
took place during the 12-month funding period. We achieved
our goal to collect a minimum 20 basal and post-exercise
readings (data sets) from unique participants for all devices
when possible. Only two devices were tested less frequently:
the VitalConnect Healthpatch Biosensor, a device now not
available to the consumer (n = 9), and the FeverSmart wear-
able thermometer (n = 9), which had various issues during
use, preventing accurate data collection.

Testing Protocols:
Activity Testing: During activity testing, the participant in

the study was filmed from the waist down for the duration of
the protocol. The participant was instructed to walk naturally
at five different speeds. Then, they walked at each speed for
one minute before changing to the next. The speeds were 2.5,
3.0, 3.4, and 4.0 mph. The participant wore several devices on
their wrists, including the GENEActiv, Apple Watch,
Jawbone UP3, and Fitbit Surge. The Fitbit One, KAM, and
Withings Pulse O2 were worn on a fitness belt that included a
pocket for the iPhone 6 (necessary for use with the Apple
Watch). The total steps collected by each device was recorded
before and after exercise; total steps walked during the five-
minute session were compared to an average manually count-
ed by three investigators separately.

Blood Pressure Testing: Blood pressure testing began
with participant seated, at rest while the BPMs were used.
First, the participant’s manual blood pressure was taken on
their right or left arm. The rest of the devices were randomized
before testing began to ensure no bias in time effect after
exercise. According to specific device use, the Omron 7 was
always used on the left wrist and the other devices, Omron 5
andWithingsWireless, were used in succession on alternating
arms. These devices were the Omron 5 and the Withings
Wireless. Once each device was tested, the participant was
asked to run for five minutes on a treadmill, beginning at a
speed of 2 mph and increasing or decreasing at the partici-
pant’s preference. Immediately after running, the devices were
tested in the same order the specific participant used during
baseline testing. If this protocol followed in succession from a
different protocol, the participant rested for 10 min to ensure
baseline reading accuracy. Time stamps were recorded for
every measurement taken.

GSR/Total Body Fat Testing:While the participant was at
rest, an investigator applied iWorx GSR leads to their index
and middle finger and information was collected from the
participant to ensure the settings of the devices were person-
alized.With shoes and socks removed, data were continuously
recorded using the iWorx. The participant first was instructed
to use the Tanita scale followed by the Withings Smart Body
Analyzer. Each scale was used three times, each in alternating
succession. With their shoes back on, the participant was
asked to run for five minutes on a treadmill, beginning at a
speed of 2 mph and increasing or decreasing at the

Table 5 Devices tested in preclinical trial

Devices to be evaluated Data sets collected Device usage category

Braun Forehead Thermometer 32/20 Thermometer
Braun Thermoscan Thermometer 32/20 Thermometer
Mabis Digital Thermometer 32/20 Thermometer
Omron 5 series 31.5/20 Blood Pressure Monitor
Omron 7 series 31.5/20 Blood Pressure Monitor
Omron HEM-18 30/20 Blood Pressure Monitor
KAM 34/20 Activity Monitor
Withings Wireless BP Monitor 23/20 Blood Pressure Monitor
Fitbit One 28/20 Activity Monitor
AliveCor 22/20 EKG/Heart Rate Monitor
Tanita BF 679 W 23/20 Bioelectrical Impedance Analysis
VitalConnect Healthpatch Biosensor* 9/9 Thermometer, Activity Monitor, Respiratory Rate Monitor
Fitbit Surge 29/20 Activity Monitor, Heart Rate Monitor
Withings Body Composition Monitor 22/20 Heart Rate Monitor, Bioelectrical Impedance Analysis
Tinke 22/20 Pulse Oximeter, Respiratory Rate Monitor
Finger Pulse OX SM-110 21/20 Pulse Oximeter
Withings Pulse O2 30/20 Activity Monitor
Withings Pulse O2 21/20 Pulse Oximeter
FeverSmart* 9/9 Thermometer
GeneActiv Original, Sleep, Action, Wireless 22/20 Activity Monitor
Jawbone UP3 20/20 Activity Monitor
Apple Watch 20/20 Activity Monitor, Heart Rate Monitor
Braun Forehead Thermometer 32/20 Thermometer
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participants’ preference. Immediately after exercise, with
shoes and socks quickly removed, the same steps were repeat-
ed with continuous iWorx data collection and alternating scale
measurements. If this protocol followed in succession from a
different protocol, the participant rested for 10 min to ensure
baseline reading accuracy. Time stamps were recorded for
every measurement taken.

EKG Testing: While the participant was at rest, an inves-
tigator applied the iWorx 3-lead EKG system to the partici-
pant’s wrists and right ankle. Due to possible noise, the par-
ticipant was instructed to sit at about six feet away from iWorx
module and desktop computer. Then, the AliveCor was given
to the participant and the iWorx was started. The AliveCor
collected a total of three readings, 30 s each, in succession.
The AliveCor was used until three successful files were writ-
ten. The time the readout occurred was recorded for later
iWorx processing. When all three readings were completed,
the participant was asked to run for five minutes on a tread-
mill, beginning at a speed of 2 mph and increasing or decreas-
ing at the participant’s preference. Immediately after exercise,
the same steps were repeated with continuous iWorx data
collection and AliveCor measurements. If this protocol
followed in succession from a different protocol, the partici-
pant rested for 10 min to ensure baseline reading accuracy.
Time stamps were recorded for every measurement taken.

Pulse Oximetry Testing:While the participant was at rest,
the SM-110 was applied to their right index finger and the
iWorx pulse oximeter module on their right middle finger.
With the iWorx recording and SM-110 turned on, their left-
hand alternated between the Tinke and theWithings Pulse O2.
When either the Tinke or Withings Pulse O2 finished a read-
ing, its value and the concurrent SM-110 value were recorded,
meaning a total of 3 values for the Tinke and Withings Pulse
O2, and a total of 6 values for the SM-110 were recorded. The
participant was asked to run for five minutes on a treadmill,
beginning at a speed of 2 mph and increasing or decreasing at
the participant’s preference. Immediately after exercise, the
same steps were repeated with continuous iWorx data collec-
tion and device measurements. If this protocol followed in
succession from a different protocol, the participant rested
for 10 min to ensure baseline reading accuracy. Time stamps
were recorded for every measurement taken.

Respiratory Rate Testing: The participant was asked to
rest for ten minutes before testing began. This allowed time for
the breathing rate to normalize and the iWorx spirometer to
calibrate. The spirometer was set up on a ring stand for the
participant’s comfort and to reduce noise frommovement. The
participant was instructed to wear a nose clip during the data
collection periods. After the 10-min rest and initialization pe-
riod, the participant was asked to breathe entirely through the
spirometer while the Tinke was used on their left hand three
times in succession. The participant was asked to run for five
minutes on a treadmill, beginning at a speed of 2 mph andTa
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increasing or decreasing at the participant’s preference.
Immediately after exercise, with the nose clip reapplied by
the participant, the same steps were repeated with continuous
iWorx data collection and Tinke measurements. If this proto-
col followed in succession from a different protocol, the par-
ticipant rested for 10 min to ensure baseline reading accuracy.
Time stamps were recorded for every measurement taken.

Temperature Testing:While the participant was at rest, the
FeverSmart was applied to their underarm with sticky gauze.
The Mabis Digital Oral thermometer was first placed in the
participant’s mouth while an investigator used the Braun
Forehead thermometer on the participant. Then, the Braun
Thermoscan was handed to the participant for them to insert in
their ear. Each devicewas used three times in the order described
previously. The participant was asked to run for five minutes on
a treadmill, beginning at a speed of 2 mph and increasing or
decreasing at the participant’s preference. Immediately after ex-
ercise, the devices were used again in the same order. When all
three values were recorded for each device, the data from the
FeverSmart were collected. If this protocol followed in succes-
sion from a different protocol, the participant rested for 10 min
to ensure baseline reading accuracy. Time stamps were recorded
for every measurement taken.

VitalConnect Testing : For the first part of the
VitalConnect Protocol, the VitalConnect patch was applied
to their chest, just below the heart in the orientation indicated
in the manual. The FeverSmart patch from Temperature
Testing was also applied in the same way as before. While
the participant was at rest, the iWorx spirometer was set up to
calibrate and allowed the participant’s breathing rate to nor-
malize. The spirometer was set up on a ring stand for the
participant’s comfort and to reduce noise from movement.
The participant was instructed to wear a nose clip during the
data collection periods. After the 10-min rest and initialization
period, the participant was asked to breathe entirely through
the spirometer while the Tinke was used on their left hand
three times in succession. The participant’s temperature was
also recorded using the Braun Thermoscan and the Braun
Forehead thermometer in alternation. The participant was
asked to run for five minutes on a treadmill, beginning at a
speed of 2 mph and increasing or decreasing at the partici-
pant’s preference. Immediately after exercise, with the nose
clip reapplied by the participant, the same steps were repeated
with continuous iWorx data collection, Tinke, and thermom-
eter measurements. If this protocol followed in succession
from a different protocol, the participant rested for 10 min to
ensure baseline reading accuracy. Time stamps were recorded
for every measurement taken.

Immediately following the aforementioned VitalConnect
Testing, a second part was completed. During activity testing
for the VitalConnect, the VitalConnect patch was still contin-
uously worn, and the steps described previously for Activity
Testing were followed.

Innovation Score: Device innovation was rated on a scale
of 0 to 5 and represents an average of equally weighted scores
that were given to the device that include ease of use, design
aesthetics, invasiveness, wireless capabilities, operating con-
straints, and size. Invasiveness, wireless capabilities, operat-
ing constraints, and size had a defined range based on manu-
facturer metrics provided for each device. Ease of use and
design aesthetics were the only categories that were subjective
to the study participants, as they were the device operators.
Participants were asked a series of questions to determine how
intuitive the device was to use, ease of operation, clarity of
formal instructions, clarity of the interface and menus, and
ease of interpreting the data. Design aesthetics averaged the
opinions of all participants who used the device with respect
to their idea of the device’s overall attractiveness, and how
attractive the device is in its class. The specific questions the
participants were asked included the following, each with its
own 0 to 5 rating.

1. How intuitive is the device to use?
2. How easy is it to hold and successfully and safely operate

it at the same time?
3. How clear are the formal instructions?
4. How clear is the device interface or menus?
5. How clearly are the results communicated?
6. How attractive is the device design in general?
7. How attractive is the device compared to other devices in

its class?

Comfort Score: Like the innovation score, comfort was
quantitatively evaluated by our participants. After a partici-
pant completed a test, they were given a form that includes
the following scale. The participant was able to view the scale
before testing so that they could think about each device in the
following terms:

9. Unnoticeable
8. Occasionally Noticeable
7. Constantly Noticeable
6. Occasionally Annoying
5. Constantly Annoying
4. itchy Irritant
3. Concerning Pressure
2. Minor Pain
1. Major Pain

This score of 0 to 9 was then converted to a scale of 0 to 5
and weighted equally in the invasiveness category within the
innovation score.

Quality Score: Device quality was rated on a scale of 0 to
5 and represents an average of scores that were given to the
device that include data accessibility and performance. Data
accessibility represents the average value assigned for

Biomed Microdevices (2019) 21: 37 Page 9 of 16 37



accessibility to raw data, memory of results, and exportability
of data. Performance was designated as a function of reliabil-
ity and reusability, which was again assigned a score of 0 to 5.

Reliability scores were based on the p values for hypothe-
ses tested, and the slope and the corresponding R2 of the gold
standard graphs (GSG). Reusability was defined as how
quickly the device could repeat a measurement as well as the
relative standard deviation (RSD) found in baseline testing
where applicable.

Cost Score: The cost score for each device was updated
based on market prices for the devices on 08/13/2015. The
actual cost score relates the cost of the device overall as well as
its relative cost in its class wherein the overall cost is weighted
more heavily than the relative cost. In this way, the most
important aspect is general cost, but the cost of similar devices
is still considered.

3.1.3 Data analysis

Basal variance and relative standard deviation For all devices
where replicate measurements were taken at rest (basal read-
ings of at least n = 3), we determined population averages,
standard deviation, and RSD. RSD is a comparison of the
average and standard deviation that measures how precise
the average is and measures random error.

Gold standard graphical comparisons Similar to the Yellow
Springs Instrument for blood glucose, clinical GS methods
exist for other physiological measurements. With respect to
the 7 biosignals of interest to this OCT (Table 6), both GS
devices and reference methods were used to evaluate commer-
cial device performance. Manual blood pressure, core body
thermometers, multi-lead EKG and galvanic skin response
(GSR) systems, finger pulse oximeters as well as blood gas
analyzers, and spirometers, are widely used as clinical GSs for
assessment in the hospital. The reference used for quantifying
physical activity was direct observation and monitoring. A
simple test system, using versions of the clinical GS devices
listed above, allowed for gold standard graphs (GSG) to be
created for each device tested.

Only three devices were not able to be calibrated directly
against a true GS (i.e. AliveCor ECG monitor, Tanita scale
[using GSR for calculating body fat percentage (BF%) and
water percentages], and Withings Smart Body Analyzer
[using GSR for calculating BF% and water percentages].

In the case of the AliveCor, raw signal data were not avail-
able. The GS method, a three lead EKG system, was taken
alongside the AliveCor measurements, and side-by-side im-
ages were evaluated for the clear detection and counting of
QRS complexes (represented by tick marks) and associated
waves. In order to evaluate the device’s accuracy in the pres-
ence of noise or other interference, the total tick marks for the
30 s period are counted and recorded. The total number of

QRS complexes is also counted within the same document.
Any QRS complex that does not have a corresponding tick
mark is recorded as well as any tick mark that does not have a
corresponding QRS complex. These particular tick marks are
recorded as miscounted ticks and this method was used as the
reference for comparison of EKG.

For Tanita and Withings scales, the GSR recordings col-
lected via the iWorx unit did not provide the expected data.
The data collected from the iWorx was categorized as the skin
impedance change in relation to emotional stress. We found
that physical stress (as a result of exercise via the scales) and
emotional stress (via iWorx) data are not directly comparable.
As a result, we developed an alternative reference method to
use with the Withings and Tanita body fat percentage read-
ings. The participant’s demographic information was used to
predict a body fat percentage using information gained from
their pre-testing survey and equations below, taken from
BBody mass index as a measure of body fatness: age-and-
sex specific prediction formulas^ (Deurenberg et al., 1991):

BMI ¼ weight kgð Þ
height cmð Þ2 ð1Þ

1:2*BMI
� �þ 0:23*age

� �
− 10:8*gender
� �

−5:4
wherein; 1 is coded for“male” and 0 is coded for“female”

ð2Þ

GSGs were created using the references listed above, and
error zones were created by estimating between 5% and 20%
error at the lowest and highest possible physiological levels
This standard can determine the device’s relationship to its
reference thereby elucidating the dynamic range, percent data
off the calibration line, upper and lower limits of detection,
accuracy, and precision of the device.

Testing for statistical significance In order to measure the sig-
nificance of exercise, t-tests were conducted on all devices for
their readings before and after exercise. We analyzed data
from all devices to test the hypothesis that exercise will cause
a significant change in blood pressure (p < .05 indicates sta-
tistical significance). A second set of t-tests were conducted to
test the hypothesis that a specific device differs significantly
from its reference method (p < 0.05 indicates statistical signif-
icance). The associated p values for each device with respect
to each hypothesis and reference used can be seen in Table 7.

3.1.4 Results

Best-in-classUsing the innovation, cost, and comfort scores as
seen in Table 7, the best-in-class devices were identified in
each category: Braun Thermoscan (temperature), Apple
Watch (activity), Omron 5 arm meter (blood pressure),
VitalConnect Healthpatch Biosensor (respiratory rate),
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AliveCor (heart rate/ECG), Tanita BF 679W (GSR), and SM-
110 (pulse oximetry).

3.1.5 Device failures and usability issues

Activity devices The most common failure associated with
activity devices was that the devices were not charged, or
the devices were not activated by the investigator for collec-
tion, which largely falls under user error.With respect to actual
device failures, there were three possible errors related to dra-
matic step undercounting, though it was not clear in some
instances if it was user error or actual device malfunction.

Blood pressure devices The BPMs accrued the most failures
of all the device types, most often due to user error or user
body habitus (i.e. cuff to small for user’s arm). The most
significant issue that was observed during blood pressure test-
ing was impossibly low or abnormal manual blood pressure
readings. In these instances, all of the other BPMs recorded
significantly higher blood pressure for the individual partici-
pant, and likely represents user error with the manual blood
pressure measurement. This observation highlights a chal-
lenge in providing gold standard comparison testing for a
physiological measurement in a lab where staff may not be
trained healthcare providers.

GSR/Total body fat devices GSR devices had errors related to
incorrect participant settings resulting in invalid findings.
These errors were device-related in failure to connect to the
internet, as well as user-related in failure to manually input
correct settings.

EKG devices Failure associated with the AliveCor device
mainly stemmed from user error, as it was not always easy
for the participant to position their hands in the proper orien-
tation and apply the correct amount of pressure to the elec-
trodes. We also observed noise from external conditions that
interfered with the high frequency waves that the AliveCor
used to transmit the EKG signal.

Pulse oximetry devicesWe observed numerous device failures
with the Tinke, with multiple software crashes and failure to
connect to the mobile device. We observed user failures with
theWithings Pulse O2, with a participant squeezing the device
too firmly.

Respiratory rate devices As the Tinke was used for pulse ox-
imetry testing as well as respiratory rate testing, the software
issues associated with this device are listed previously.

Temperature devicesWe experienced numerous failures with
the FeverSmart device, notably related to early battery deple-
tion. Even though the device would go through proper powerT
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down procedures, it would exhaust between 50% and 60% of
its battery per test. Another failure with the FeverSmart was
due to the sweat buildup on the participant. The adhesive
gauze lost its ability to stick to the participant and would
commonly lift or fall off completely. These were device fail-
ures rather than user error.

The Mabis Digital Oral thermometer demonstrated user
error when the participant would open their mouth and talk
or not close their moth completely while using the oral ther-
mometer, resulting in impossible hypothermic values. We also
observed device error with the Mabis device from an auto-
shutoff during testing.

3.1.6 Study summary

Thirty-eight subjects were tested providing a total of 576 data
sets that represent 7 different device categories and 22 unique
devices. This study providedmany opportunities for engineer-
ing student investigators to increase their experience in their
field, but also for professional development. By working with
new technologies, the investigators gain valuable hands-on
experience with and exposure to successful wearable devices
that can be translated into robust medical devices.
Additionally, by working with human subjects the investiga-
tors are able to become comfortable when working with a
study participant, to understand the need for professional be-
havior, and to better comprehend the needs of the participant
as well as observing for user error. Student investigators also
sharpened their critical thinking and problem-solving skills
through their thorough analysis of the study data.

This study led to the development of an integrated wireless
on-body sensor currently being investigated by the La Belle
Labs. Results of this study with best-in-class identifications
also provided guidance to other studies related to Project
Honey Bee in terms of wearable device selection.

3.2 Heart failure monitoring study

3.2.1 Goals

Building on the notion of lab-based wearable device valida-
tion studies, we sought to perform field-based validation of
consumer wearable devices using implanted FDA-cleared
medical devices (i.e. pacemakers, implantable defibrillators)
as the gold standard comparator. We focused on congestive
heart failure, using changing cardiopulmonary measures as an
indicator for worsening heart failure status. Researchers iden-
tified the Wello health tracking device (Azoi, Inc.) as a target
ambulatory health tracker with capacity to track heart rate,
blood pressure, and lung capacity. Despite broadly advertised
pre-orders and product launch promises, by December 2014
the Wello device failed to ship for consumer purchase.
Researchers then turned to a true wearable device that

incorporated resting heart rate measurements using a
bioimpedance sensor, the Jawbone Up3 (Jawbone, Inc.).
After a several months’ long delay in delivery, researchers
were able to obta in Jawbone Up3 devices wi th
bioimpedance-based resting heart rate measures for the clini-
cal validation study.

3.2.2 Methods

Before recruiting study participants, researchers wore the
Jawbone Up3 activity monitors for several weeks to identify
challenges with the hardware, web interface, and smartphone
app in order to better manage the research participant experi-
ence. Researchers identified several issues, including hard-
ware malfunction that caused the device to smoke on charg-
ing, challenges with the bracelet clasp design, and battery life
shorter than advertised. Researchers used these experiences to
design an instruction guide for study participants including
instructions for band placement and a prescribed charging
schedule.

In addition to hardware and software function, we were
concerned about protecting subject privacy in the context of
using commercially-available wearable devices that may not
employ privacy protections consistent with United States
Health Insurance Portability and Accountability Act
(HIPAA) laws. We trained patients in the use of the Jawbone
Up3 smartphone app and desktop interface, using password
protection and data sharing capabilities as available from the
manufacturer. Language on the participant consent document
included, BThe researchers will review your Jawbone Up3
data daily, and will report any abnormal findings to your
healthcare provider,^ and BEfforts will be made to limit the
use and disclosure of your personal information, including
research study and medical records, to people who have a
need to review this information. We cannot promise complete
secrecy. Organizations that may inspect and copy your infor-
mation include the IRB and other representatives of this
organization.^

Researchers recruited 11 subjects over a 10-month period
January 2016 to December 2016. Subjects included patients
with an established diagnosis of heart failure who had an im-
planted cardiac monitor as the gold-standard comparator to
validate wearable device findings related to resting heart rate
and heart failure status. Subjects uploaded study data to the
Jawbone website and shared device data with researchers.
Researchers monitored subjects’ data to ensure that they were
wearing the monitor on a daily basis and particularly at night
in order to capture resting heart rate data.

3.2.3 Data analysis

Subject data from the Jawbone were compared to data from
the implanted cardiac monitor to assess correlation in resting
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heart rate and indicators predicting worsening heart failure.
Eight subjects completed the 4-month monitoring period. No
subjects reported adverse outcomes. We sought to compare
tabular Jawbone data to raw data from implanted devices.
However, our clinician partners were unable to obtain raw
data from implanted device manufacturers in all but one case.
Therefore, we were limited to performing visual correlation of
graphic data available from implanted devices to the tabular
data from the Jawbone.

In addition to collecting device data, we measured quality
of life using validated psychometric scales (Minnesota Living
with Heart Failure [MLHF], University of Minnesota; SF-36,
RAND Corporation).

3.2.4 Results

Two subjects had extremely poor data correlation with the
wearable device failing to generate actionable signals to indi-
cate impending worsening of heart failure status. Six subjects
had adequate data capture from the wearable device with rea-
sonable correlation to implantable monitors. However, the
majority of the measures clustered around 60 beats per minute,
correlating to the programmed lower pacing rate for most
study participants.

Six of 8 subjects had clinically significant score improve-
ment on MLHF (>5-point increase). Paired t-test revealed
with statistically significant improvement in physical subscore
(p = .03) and nonsignificant improvement on emotional
subscore and overall score. SF-36 demonstrated statistically
significant improvement in emotional wellbeing subscore
(p = .03) with nonsignificant changes in other subscores in-
cluding increases in physical functional, role physical, and
pain subscores, as well as general health score. Despite signif-
icant improvements in emotional wellbeing subscores, we
noted decline in role emotional, energy, and social subscores
(Tables 8 and 9).

3.2.5 Study summary

Conclusions from this pilot study suggested that patients with
chronic heart failure can use a wearable monitor without adverse
effects, though the utility of the monitor for precise tracking of
resting heart rate to predict heart failure status is limited. However,
there may be some improvement in quality of life for patients

using wearable monitors to measure chronic health status. The
validation component of the study failed to demonstrate that the
Jawbone Up3 consumer-grade wearable device could be a reli-
able resting heart rate monitor for patients with heart failure.
However, the findings of this study were limited by the fact that
most of the study participants had a basement heart rate of 60
beats per minute with chronic pacing, limiting useful resting heart
rate data for many participants.

Additional observations related to study outcomes noted
challenges related to the lack of funding directed to the clinical
site. Without funding incentives for the clinical site, clinical
staff were modestly helpful with subject recruitment but oth-
erwise minimally involved with the study, including no en-
gagement in device management and data acquisition.
Device-related responsibilities fell to the graduate research
assistant (employed at 20 h per week) and highlights the chal-
lenge with integrating new technology into clinical practice in
terms of workforce sustainability.

Regarding data privacy, we noted that no study participants
expressed concerns about privacy protections at the time of
recruitment, study consent, or at any point during the study
period. We noted at around the same time we were conducting
this study in 2014–2015, the Connected & Open Research
Ethics (CORE) Project (https://thecore.ucsd.edu) was taking
shape to address ethical research with sensor-based devices.

4 Discussion

The Project Honeybee observational clinical trial experience
yielded several successes and highlighted some significant
challenges. Some issues were specific to our experience, while
others may be extrapolatable to other project settings.

4.1 Successes

4.1.1 Nursing students

The ASU doctoral nursing students were an inspiration for us
all. They made things work under the most trying of

Table 9 SF-36 results

Mean difference pre- to post-test (range) p value

General Health .625 (−25 to +30) .46

Physical Functional 8.75 (−20 to +35) .09

Role Physical 5.21 (−25 to +67) .32

Role Emotional −16.67 (−67 to 0) .10

Energy −1.88 (−20 to +20) .35

Emotional Wellbeing 7.17 (−8 to +24) .03*

Social −9.06 (−48 to +13) .14

Pain 9.69 (−30 to +55) .16

Table 8 Minnesota living with heart failure results

Mean difference pre-
to post-test (range)

p value (* = significant)

Total score −10.625 (−46 to +14) .07

Physical subscore −6.875 (−23 to +4) .03*

Emotional subscore −2.25 (−9 to +4) .12
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circumstances. They are highly dedicated, entrepreneurial and
problem solvers. They universally reported the experience
they had with Project Honeybee was one of their most impor-
tant learning opportunities of their careers. They explained
that while the trials were often compromised through low
patient numbers, faulty devices, poor patient compliance,
etc. the experience gained in overcoming unanticipated chal-
lenges would allow them to do larger and more successful
studies with wearable devices in the future.

4.1.2 Publications and presentations

As of this writing, investigators had 9 manuscripts submitted
or accepted to peer-reviewed journals, and 10 conference post-
ers or papers delivered.

4.1.3 Faculty and clinician engagement

One of our overarching goals for the Project Honeybee expe-
rience was to engage ASU research faculty with area clini-
cians to establish or build on existing relationships for clinical-
based studies. Over the four years of Project Honeybee funded
studies, 12 ASU faculty and 39 area clinicians participated in
one or more projects.

4.1.4 Clinical institutional engagement

Two of the eight design aspirations of Arizona State
University’s charter as a New American University are to
conduct use-inspired research with purpose and impact and
be socially embedded by connecting with communities
through mutually beneficial partnerships. In line with these
principles, Project Honeybee studies engaged participation
with nine external healthcare institutions, including private
practice groups, large tertiary medical centers, and a federally
qualified healthcare center.

4.2 Challenges

4.2.1 Devices

Although hundreds of commercial ambulatory and wearable
devices are on the market, device performance was the major
limitation in nearly all trials. First, they are nearly all meant for
the health enthusiast consumer market and have not been val-
idated for the intended application or patient population.
Device validation is the most important deficiency in the field
and any team intending to obtain reliable data must go through
a validation process with their own patient population.
Second, algorithms for analyzing data are proprietary and
hence it is usually impossible to reanalyze the data for key
signals. Third, device memory is often a limitation and many
devices cannot store the amount of data needed. Fourth, data

downloads for many devices require that the device be
brought in by the patient. Fifth, many devices advertised are
not yet available and plans built on their availability are often
frustrated. Sixth, many devices are not comfortable to wear,
and patient compliance can be compromised.

4.2.2 IRB approval

ASU’s Institutional Review Board does not provide oversight
for clinical trials, even if only observational. Therefore, IRB
approval was typically obtained through the clinical site of the
trial with ASU’s IRB providing secondary oversight for ASU-
based investigators. Although the ASU IRB has developed
relationships with other area IRBs, this process proved quite
cumbersome for inves t iga tors . Typica l ly, teams
underestimated the time required for IRB approval and this
often delayed the onset of trials by several months. We began
withholding awarded funds until IRB approval was obtained.

4.2.3 Institutional affiliations

Permission for ASU doctoral nursing students to enroll and
monitor patients at clinical sites required a formal approval
process at the clinical site. Some sites, especially Mayo
Clinic, were slow to provide authorization. This factor delayed
the onset of some trials.

4.2.4 Patient enrollment

Teams frequently overestimated the availability of patients at a
clinical site for the trial. Not all patients are willing to partic-
ipate, satisfy exclusion criteria and are compliant with study
needs. Moreover, on-site recruitment support from clinicians
and staff, particularly at non-research institutions, was often
lacking. In future trials a comprehensive assessment of patient
numbers and on-site subject recruitment support is essential
before a trial is launched.

4.2.5 Leadership

Clinicians are very busy and were not reimbursed in our study.
Nursing students frequently found it difficult to get guidance
from the clinician. In addition, many clinicians were unwilling
to devote scarce time to talk with patients about study partic-
ipation. Coupled with an ASU IRB prohibition for study staff
to conduct chart review for potential subject screening, this
limitation proved a significant barrier to study subject recruit-
ment. What seemed to work best was to establish a brief
weekly meeting between student and clinician. In addition, it
would undoubtedly help to reimburse clinicians for their time
by incorporating a per-subject enrollment fee as is common in
clinical drug and device trials.
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5 Conclusion

The Project Honeybee studies have identified many challenges
to the deployment of consumer wearable devices in clinical med-
icine. The field is still immature, and progress will depend sig-
nificantly on improvements in devices, their validation,wearabil-
ity, data storage and access to raw data as well as in their ability
to monitor several physiological parameters at the same time.

In addition, our experience highlighted the need for ade-
quate time and funding in order to successfully complete a
clinical project. Although doctoral nursing students provided
outstanding research support interfacing with clinical investi-
gators, clinical support staff, and patient subjects, the 12-
month timeframe often posed a challenge for recruitment
and longitudinal follow-up even for a small-sized study pop-
ulation of 15–30 subjects. Similarly, the funding limitation
that excluded covering tuition costs for graduate research as-
sistants, clinical site incentives, or subject incentivesmay have
contributed to the challenges this project experienced.

Looking ahead, we hope that our early experiences with
wearable research may inform continued work to understand

the applications, potential, and practice implications of incor-
porating wearable devices into clinical care.
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